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(54) integrated semiconductor microchannei plate and planar diode electron flux amplifier and 
collector 



(57) An electron flux amplifier is provided wherein a 
microchannei plate (MCP) is monolithically formed with, 
or bonded to, a semiconductor amplifier. In a preferred 
embodiment, microchannets are formed to extend into 
a semiconductor substrate to a predetemnined depth 
from the surface, and a collection diode is fomned in the 
substrate beneath the channels. The collection diode 



may comprise a single planar diode, or a plurality of 
electrically isolated diodes to provide for imaging of the 
electron flux. The electron flux amplifier may be used as 
a detector in a photomultipliertube (PMT) having a pho- 
toelectronicaily responsive input surface and one or 
more accelerating electrodes for directing a photoelec- 
tron flux toward the electron flux amplifier. 
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Description 

Field of the Invention 

[0001] The present invention relates to an electronic s 
current amplification and collection structure for photo- 
multiplier tubes and to a photomultipliertube Incorporat- 
ing such a structure. In particular the current amplifica- 
tion and collection structure includes a micro-channel 
plate multiplier and a reverse-biased semiconductor di- io 
ode. 

Background 

[0002] Photomultiplior tubes. are known for detection is 
or imaging of elociromagnelic signals including signals 
of particular spectral characteristics such as infra-red 
signals, visible Irghi signals, ultra-violet, x-rays, and 
gamma rays. In a lyptcal photomullipNer tube, photons 
of such signals arc r>cidont upon a biased conductive 20 
surface, a photocathodc. which emits electrons via the 
photoelectric effect These primary electrons are then 
accelerated toward a biiisod conductor, or dynode, 
which emits further electrons, i.c . secondary electrons. 
Amplification is achieved wilhm a photomultiplier tube 
by arranging several dynodos to receive incident elec- 
trons and to emit secondary electrons, and by configur- 
ing the biasing electric fields among the dynodes to 
guide the emitted el£x:irons along paths between suc- 
cessive dynodes. Uftimatcty the cascading stream of 30 
electrons is collected lo provide an electrical current pro- 
portional to the incident photon flux. The degree of am- 
plification provided between the initial photon flux and 
the collected electron current is detennined by factors 
Including the electron emission characteristics of the 35 
dynodes, the number of dynode stages, and the voltage 
applied between succcssrvc dynodes for accelerating 
the electrons. 

[0003] It is desirable for photomultiplier tubes to pro- 
vide as high an amplification as possible for a given ap- 40 
plied voltage. It js also desirable for photomultiplier 
tubes to be compact and mechanically reliable. For im- 
aging purposes, it is also dcsiraole for the two-dimen- 
sional cross section of the amplified electron stream to 
accurately represent the two-dimensional distribution of ^5 
Incident photons. 

[0004] One device for dmplifying an electron beam 
whilemaintainingthetwo-dimcnsional distribution of the 
beam isamicrochannelplatc. For example, U.S. Patent 
No. 5,086,248 to Norton ct al. describes methods for so 
producing a variety of microchannel plate structures 
formed from semiconductor wafers. A typical micro- 
chann I plate includes a body of secondary lectron 
emissive material having a number of pores extending 
through the body. Electrodes formed on respective 55 
sides of th body allow applicalion of a bias voltage par- 
allel to the direction of the pores In operation, incident 
electrons collide with the walls of the pores , thus causing 



a cascade of secondary electrons which further collide 
with the pore walls to provide amplification of the inci- 
dent photon flux. 

Summary of the lnv_ ntion 

[0005] In accordance with one aspect of the present 
invention, a device for amplifying and collecting electron 
current in a photomultipliertube is provided. The device 
combines a microchannel plate (MCP) formed of a sem- 
iconductor hnaterial and a planar, reverse-biased semi- 
conductor diode for collecti ng electrons emitted from the 
microchannel plate. The MCP and reverse-biased diode 
may be provided as a monolithic structure by forming 
the MCP in a semiconductor substrate such that the 
channels of the MCP extend into the substrate to a pre- 
detennined depth, and by fonming the diode to be locat- 
ed beneath the bottom of the channels. 
[0006] In accordance with another aspect of the 
present invention, amplification and collection of an 
electron flux is enhanced by a structure incorporating a 
microchannel plate and a planar diode. The microchan- 
nel plate and diode are preferably fomned monolithically. 
The microchannel plate amplifies an incident electron 
flux by emission of secondary electrons. The diode is 
configured to provide solid-state amplification by mech- 
anisms of electron bombardment induced current 
(EBIC) and/or by avalanche generation of excess carri- 
ers. 

Brief Description of the Drawings 

[0007] The foregoing summary, as well as the follow- 
ing detailed description, will be best understood in con- 
nection with the attached drawings in which: 

FIG. 1 is a perspective view in partial cross-section 
of an electron flux amplification and collection de- 
vice according to one embodiment of the present 
invention; 

FIG. 1 A is a partial sectional view of an alternative 
aaangement of the microchannel formed in the de- 
vice of FIG. 1 ; 

FIG. 2 is a sectional view of a device according to 
this invention that Is configured for an imaging ap- 
plication; 

FIG. 2 A is a sectional view of an alternative embod- 
iment of a device configured for imaging applica- 
tions; 

FIG, 3 is a schematic diagram of a photomultiplier 
tube employing an electron flux amplification and 
collection device according to the present invention; 
and 

FIG. 4 is a sectional view of an alternative embod- 
iment of the d vice wherein lectron flux amplifica- 
tion and collection are provid d by an assembly of 
two discrete components. 
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Detailed Description 

[0008] Referring now to Fig 1 . there is shown an elec- 
tron current multiplication and collection device 20. The 
device 20 is fomned of a substrate of p-type semicon- 
ductor material in which a pn-junction 23 has been 
formed,by providing an n-type semiconductor region 22 
in or on one side of the substrate 21 , hereinafter referred 
to as the back side of the substrate 21. The semicon- 
ductor material forming the substrate 21 Is preferably 
silicon but may also be a semiconductor material in 
which a pn-junction can be formed by such techniques 
as diffusion, epitaxy, ion implantation, and the like. 
[0009] Channels 24 are formed to extend Into the top 
side ol the substrate 21 . The bottoms of the channels 
24 icrminaic within the substrate. The channels 24 are 
preferably fonncd by selective chemical or physical 
etching, such as plasma etching, or by other techniques 
such as Idser-assisled drilling. The interior walls of the 
channels 24 are preferably formed of or coated with a 
layer of secondary omission material 26, that is selected 
to emit secondary electrons in response to electron 
bombardment when the device is appropriately biased. 
The secondary emission layer 26 extends as shown 
along the front side of the substrate. The secondary 
emission layer 26 is preferably applied by known thin- 
film deposition methods or may be formed of an appro- 
priate semiconductor material. The secondary emission 
layer 26 may also include an emission enhancing layer 
for providing additional secondary electron emission. 
The emission enhancing layer may be fomned in-situ of 
the same material as the substrate by, for example, ther- 
mal oxidation. 

[0010] A conductive, preferably metallic, contact 28 is 
fomned on the front side of the device 20 to provide elec- 
trical contact to the secondary emission layer 26. An- 
other contact 30 is fomned on the back side of the sub- 
strate to provide electrical contact to the n-type semi- 
conductor region 22. In operation, the device 20 is bi- 
ased by connection of a voltage source 32 with the re- 
spective contacts 28 and 30 such that the pn-junction is 
reverse biased, and the secondary emission layer 26 is 
subjected to a gradient bias extending from the top of 
the channels 24 to the bottoms thereof. The relative dop- 
ing of the p- and n-type regions of the substrate is se- 
lected so that the depletion region 31 preferably extends 
to a position at least adjacent lo the bottoms of the re- 
spective channels 24 when the operative bias is applied. 
[0011] As Illustrated in FIG. 1 , when an incident elec- 
tron 34 enters a channel 24 and collides with a side wall 
thereof, the secondary emission layer 26 emits second- 
ary electrons, which arc accelerated toward the bottom 
of the channel. Th secondary electrons collide with the 
wall of the channel, producing an amplification of el c- 
tron current as they traverse along the length of the 
channel. At the bottom of the channel, the resulting lec- 
trons 36 are injected into the substrate in the depletion 
region 31 of the pn-junction 23. Alternatively, if the de- 



pletion region does not extend as far into the p-type re- 
gion, as shown in FIG. 1 , the electrons 36 would diffuse 
within the p-type semiconductor to the edge of the de- 
pletion region. In such an alternative anrangement, the 

5 depletion region 31 preferably extends at least to within 
the minority carrier diffusion length for the p type semi- 
conductor of which the substrate is fonned. 
[0012] Once the electrons 36 enter the depletion re- 
gion, the electric field therein sweeps the electrons 36 

10 across the junction 23 into the n-type region, for collec- 
tion by the contact 30. An electrical current is thereby 
produced that can be measured by, for example, an am- 
meter 40. Additionally, the electrical current produced 
can be further amplified and/or subjected to various 

15 electronic manipulation and analysis for providing useful 
indicia regarding the incident photon flux. 
[0013] It will be appreciated that alternative device 
configurations can be formed for providing a depletion 
region to collect minority carrier electrons from the p- 

20 type semiconductor substrate. In one such alternative 
embodiment, the backside conductive contact is select- 
ed to form a Schottky barrier with the substrate. The 
width of the depletion region will then depend on the rel- 
ative work functions of the substrate and the conductive 

25 contact, and on the bias voltage applied to the contact. 
Such an alternative arrangement, which provides an 
electron collector, is particularly desirable where the 
substrate is a compound semiconductor, including Itl-V 
semiconductors such as GaAs and alloys thereof, Fur- 

30 . theraltemativestructures.such as metal-insulator-sem- 
iconductors (MIS), are also suitable for providing a de- 
pletion region within the substrate for collecting the in- 
jected electrons. These alternative structures can be 
patterned, as discussed below, for imaging applications. 

35 [0014] The device 20 is capable of providing amplifi- 
cation of electric current in excess of the amplification 
that would otherwise be provided by a known micro- 
channel plate configured of the same substrate and hav- 
ing the same geometry and secondary emission layer. 

40 This result is due to amplification effects that may occur 
after the resulting electrons are injected into the sub- 
strate. For example, electrons that have been acceler- 
ated within the channel to an energy of about 3.6 eV in 
excess of the thermal energy of electrons in the sub- 

45 strate are capable of generating electron-hole pairs in 
the substrate upon injection therein, as shown at 42. 
Such electron-hole pair generation adds an electron 
bombardment induced current (EBIC) component to the 
overall current generated by the device. Additionally, the 

50 doping of the substrate 21 , or at least the depletion re- 
gion 31 , may be selected so that electrons are acceler- 
ated within the depi tion region to an energy sufficient 
to cause interaction with th crystal lattice, i. ., an ava- 
lanching ffect, resulting in further generation of elec- 

55 tron-hole pairs, such as shown at 44. Such avalanch 
current may add a further component to the overall am- 
plification. 

[0015] As can be appreciated, the relative conductiv- 
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ity of the p-type semiconductor substrate 21 should be 
lower than that of the secondary emission layer 26 in 
order to maintain a suitable bias along the length of the 
channel walls. Suitable materials for the secondary 
emission Iayer26 include silicates; doped glasses, such 
as lead glass. (PbO - SlOg); metal-alkali coatings, such 
as alkali-ant imonides, including metal oxides, such as 
MgO or AI2O3; doped potycrystalline diamond; or other 
secondary emitters known in the art. Where the sub- 
strate 21 is silicon, the secondary emission layer 26 may 
be fonmed by doping or evaporating suitable material 
onto a thermal oxide layer composed of the substrate 
material. Where significantly resistive secondary emis- 
sion layers are used, the p-type substrate should be 
lightly doped (e.g., less than about 1 0^^ cm*3 for a silicon 
substrate), and nnay include intrinsic or compensated 
semiconductor material (i.e., undoped material or ma- 
terial that has been doped to compensate for excess im- 
purities). The relatively light doping of the p-type mate- 
rial enhances the extent of the depletion region in the 
substrate, and it may be desirable in some embodi- 
ments to provide a depletion region which extends be- 
yond the bottoms of the channels, or even along the en- 
tire length of the channels, during operation. Although 
the channels 24 are shown to be vertically-oriented in 
FIG. 1 , it is recognized that the channels may be formed 
to increase the likelihood of electron collisions by taper- 
ing the channels from top to bottom. Such a tapered pro- 
file can be obtained by using an isotropic etch to fonn 
the channels to be wider at the top or front surface of 
the device than at the bottom or rear ends thereof. 
[0016] In a further alternative embodiment, the chan- 
nels may be fomned at an angle relative to the surface 
in order to increase the likelihood of electron collisions 
with the walls of the channels. Such an angled channel 
structure can be fomied of known crystallographic etch- 
ing techniques. . 

[0017] In order to make ohmic contact to the p-type 
material in embodiments where light doping is utilized, 
a more heavily doped p+ region is provided in the upper 
surface of thesemiconductorsubstrate as shown in FIG. 
1 A. The diode structure thus provided vertically through 
the substrate then resembles a p'-p-n diode or a p-i-n 
diode. The doping gradient near the upper surface re- 
gion of the device also serves to produce an internal field 
that aids in the collection of electrons injected or gener- 
ated in the more lightly doped p-type region of the de- 
vice. In such an embodiment, electrical contact to the 
p-^ material is made through vias fomned in the second- 
ary emission layer 26. Alternatively, discrete p-*- regions 
may be formed in the upper surface region of substrate 
21 to provid ohmic contact with the metallic layer 28. 
[0018] R ferring now to FIG. 2, there is shown a struc- 
ture 220 suitable for electron amplification and collection 
wherein imaging of the incident flux is desired. The de- 
vice 220 is fonned of a p-type semiconductor substrate 
21 , and has a plurality of channels formed therein. The 
channels 224a and 224b which are representative of the 



channels formed in substrate 221 are lined with a sec- 
ondary emission layer 226. A metallic contact 228 is pro- 
vided on the front side of the device 220. as described 
above in connection with the device 20. On the back side 

5 of the substrate, discrete n or n+ regions 222a and 222b 
are formed beneath the respective channels 224a and 
224b. The n+ regions 222a and 222b are aligned cen- 
trally with the bottoms of respective channels 224a and 
224b. Discrete metallic contacts 230a and 230b are 

10 formed in contact with the respective n+ regions 222a 
and 222b. Electrons received and amplified along chan- 
nel 224a will drift into depletion region 231 a for collection 
at n+ region 222a. Electrons received and amplified 
along channel 224b will drift into depletion region 231b 

15 for collection at n+ region 222b. 

[0019] The device 220 of FIG. 2 functions simllariy to 
the device 20 with respect to amplification and collection 
of an incident electron flux. However, the an'angement 
of discrete n' regions 222a and 222b and corresponding 

20 contacts 230a and 230b allows electrical current from 
each of the n+ region to be measured, for example by 
ammeters 240a and 240b, in a manner that provides a 
two-dimensional image of the incident flux. 
[0020] In order to provide for independent detection 

25 of electron flux within each of the channels 224a and 
224b, the n+ regions 222a and 222b are electrically iso- 
lated by virtue of the series-opposing diodes formed 
thereby The material parameters of the substrate are 
chosen to prevent the depletion regions 231 a and 231 b 

30 from overiapping. To further enhance isolation between 
depletion regions 231 a and 231 b, or to provide such iso- 
lation in a lightly doped substrate, it may be desirable to 
form physical barriers between adjacent n+ regions in 
the imaging device 220. For example, in FIG. 2A, there 

35 is shown an embodiment wherein insulating regions 250 
(e.g. of Si02 or SiN) are formed between adjacent n+ 
regions 260. The insulating regions 250 serve to confine 
collection of electrons from the respective channels to 
the corresponding n+ regions fonned in the bottom sur- 

40 face of the substrate. In other alternative embodiments, 
such isolation may be provided by etched grooves or 
trenches fomied in the substrate between adjacent n- 
regions. In a further alternative embodiment, individual 
collection regions are established to collect electrons 

45 from groups of two or more channels as desired to ob- 
tain a specified spatial resolution and gain per image 
element. 

[0021] Refen-ing now to FIG. 3, there is shown a pho- 
tomultiplier tube 300. The photomultiplier tube 300 in- 
50 eludes an evacuated glass envelope 302 having a pho- 
tocathode 304 located at a forward interior portion of the 
envelope 302. An electron amplification and collection 
device 320 of any of th configurations d scrtb dabov 
is position d at the rear of the envelop 302. Focus elec- 
55 trodes 306 are positioned along the length of the enve- 
lop 302 to accel rate and dir ct lectrons within the 
interior of the envelope toward the amplification and col- 
lection device. 
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[0022] In operation, the photocathode end of photo- 
nnultjplier tube 300 is directed at a source of photons. 
An incident photon 308, upon colliding with the photo- 
cathode 304, generates a photoelectron 310 which is 
released fronfi the photocathode 304 into the interior of 
the envelope 302. Appropriate voltage biases applied to 
the photocathode 304 and to the focus electrodes 306, 
cause the photoelectron 31 0 to accelerate toward the 
amplification and collection device 320. The resulting 
current generated by the collection device 30, including 
current components generated by secondary emission 
amplification, electron bombardment induced current, 
and avalanching, is provided to external instrumentation 
(not shown) through electrical leads 330 connected with 
the device 320 and leading through the envelope 302 to 
the exterior of the photomultiplier tube. 
[0023] The device 320 is constructed in accordance 
with any of the embodiments described above in which 
a single collection layer on the bottom side of the device 
is provided for collecting the total current generated in 
the device, or wherein discrete collection regions are 
providedfor imaging purposes. The photomultiplier tube 
300 may be of the type shown wherein the device 320 
provides substantially all of the amplification available. 
Alternatively, one or more dynodes may be positioned 
within the envelope to provide further amplification of 
the electron flux within the photomultiplier as desired in 
accordance with known techniques, 
[0024] For certain applications it may be desirable to 
allow independent optimization of the respective micro- 
channel plate and EBIC diode components of the am- 
plification and collection device of the present invention. 
Such optimization is provided in the device structure 
shown in FIG. 4, wherein the device is composed of two 
discrete parts that are held in a mechanically fixed rela- 
tionship to accomplish the functions of secondary emis- 
sion amplification in one part, and collection of .electrons 
in the other part (along with solid-state amplification of 
current by EBIC and/or avalanche mechanisms). Such 
a structure would be suitable for use in a photomultiplier 
tube of the type described in FIG. 3, or in a photomulti- 
plier tube employing a series of intermediate dynodes. 
[0025] In the device shown in FIG. 4, a microchannel 
plate 402 and a planar diode 404 are held together by 
a fixture 406 for aligning the plate 402 and the planar 
diode 404. In an altemative embodiment, the function of 
holding the plate 402 and diode in alignment may com- 
prise a suitable adhesive for directly bonding the two 
parts together. The planar diode 404 has a front contact 
41 0, a single rear contact 430 and a single n doped col- 
lection layer 422. In an alternative embodiment, a plu- 
rality of such contacts and corresponding discrete col- 
lection regions may be provided in order to obtain imag- 
ing of the incident electron flux. 

[0026] Inthestructur shown In FIG. 4, the EBICcom- 
pon nt of lectronic cun^ent gen rated in the planar di- 
ode 404 may be enhanced during operation of the de- 
vice by applying a voltage bias between the rear contact 



408 of the microchannel plate 402 and the front contact 
410 of the planar diode 404. Such a bias accelerates 
electrons emitted from the rear of the microchannel 
plate 402, and thus increases the energy of the elec- 
5 trons incident upon the planar diode 404, Such in- 
creased energy enhances production of electron hole 
pairs within the planar diode 404 upon absorption of the 
incident electrons. 

[0027] The terms and expressions which have been 
10 employed are used as terms of description and not of 
limitation. There is no intention in the use of such tenms 
and expressions of excluding any equivalents of the fea- 
tures shown and described or any portions thereof. It is 
recognized, therefore, that various modifications are 
15 possible within the scope of the invention as claimed. 



Claims 

20 1 . A device for amplification and collection of an elec- 
tron flux, comprising: 

a substrate of semiconductor material (21 ) hav- 
ing a channel (24) extending thereinto from a 
25 top surface thereof; 

a secondary electron emission layer (26) 
fomned on the interior of the channel (24); 
a collector (22) formed in a bottom surface re- 
gion of the substrate (21 ) and aligned to receive 
30 electrons from the channel (24). 

2. The device of claim 1 , comprising: 

a first conductive contact (28) formed on the top 
35 surface of the substrate; and 

a second conductive contact (30) fomned on the 
collector. 

/ 

3. The device of claim 1 or 2 wherein the substrate 
"^0 (21 ) is formed of a material comprising p-type sem- 
iconductor material and the collector (22) is fomned 
of a material comprising n-type semiconductor ma- 
terial, 

^5 4. The device of claim 1 , 2 or 3 wherein the secondary 
electron emission layer (26) is fonmed of a material 
selected from the group consisting of a silicate, a 
doped glass, an alkali antimonide compound, a 
metal oxide, and a polycrystalline diamond layer. 

50 

5. The device of claim 1 , 2 or 3 wherein the secondary 
electron emission layer (26) comprises PbO - SiOg, 
or an alkali antimonide, 

55 6. The device of claim 3 wherein the secondary elec- 
tron mission layer (26) compris s an emission en- 
hancing layer fomned in-situ. 



45 



50 



25 



30 



9 



EP1 120 812 A2 



10 



7. The device of any preceding claim connprising a 
heavily doped contact r gion fomned in a region ad- 
jacent to the top surface of the substrate (21 ). 

8. The device of any preceding claim wherein the sub- 
strate (21) adjacent the channel comprises sub- 
stantially intrinsic semiconductor material. 

9. The device of any preceding claim wherein the col- 
lector (22) is configured to provide a depletion re- 
gion extending from the collector (22) to at least the 
bottom of (he channel (24). 

10. The device of claim 9 wherein the substrate (21 ) is 
conligured to generate electron, hole pairs In re- 
sponse 10 electron bombardment. 

11. The device of claim 9 wherein the substrate (21) is 
configured to provide avalanche generation of ear- 
ners in response to collection of electrons in the de- 
pletion region. 

12. The device of claim 9 wherein the substrate (21) is 
configured to provide avalanche generation of car- 
riers when the pn-junction is reverse biased and the 
device is exposed to an electron flux. 

1 3. The device of any preceding claim comprising a plu- 
rality of channels (24) extending into the substrate 
(21) from the top surface thereof and aligned with 
said collector (22). 

1 4. The device of any preceding claim wherein the col- 
lector (22) comprises means for producing a deple- 
tion region (31) in the bottom surface region of the 
substrate. 

.15. The device of claim 14 wherein the means for pro- 
ducing a depletion region (31) comprises a conduc- 
tive contact from a Schottky barrier with the sub- 
strate (21). 

16. The device of claim 14 wherein the means for pro- 
ducing a depletion region comprises a metai-insu- 
lator-semiconductor structure fonmed adjacent to 
the bottom surface region of the substrate. 

17. The device of claim 15 or 16 wherein the substrate 
comprises a lll-V semiconductor. 

1 8. The device of any of claims 1 to 1 4 wherein the sem- 
iconductor material comprises silicon. 

19. A device for imaging an electron flux, comprising: 

a substrate of semiconductor material (221) 
having a first channel (224a) and at least a sec- 
ond channel (224b) extending thereinto from a 



top surface thereof; 

a secondary electron emission layer (226) 
formed on the interior of each of the first and 
second channels; 
5 a first collector (222a) formed in a bottom sur- 

face of the substrate (221) and aligned to re- 
ceive electrons from the first channel (224a); 
and 

at least a second collector (222b) formed in the 
10 bottom surface of the substrate (221) and 

aligned to receive electrons from the second 
channel (224b). 

20. The device of claim 1 9 wherein the substrate (221 ) 
'5 is formed of a material comprising a p-type semi- 
conductor material, and wherein the first and sec- 
ond collectors (224a-224b) arefonned of a material 
comprising an n-type semiconductor material. 

20 21. The device of claim 19 comprising an insulator 
fomned between the first and second collectors 
(222a, 222b). 

22. The device of claim 22 wherein the semiconductor 
^5 material is silicon. 

23. The device of claim 21 wherein the insulator (260) 
comprises Si02. 

30 24. The device of claim 1 9 wherein the substrate (221 ) 
comprises a p-type semiconductor and wherein the 
first and second collectors each comprise means 
for producing a depletion region in the substrate. 

35 25. The device of claim 24 wherein the means for pro- 
ducing a depletion region comprises one of 

a p-n junction, a Schottky barrier, and a metal- 
insulator-semiconductor structure fomried in the 
bottom surface region of the substrate (221). 

40 

26. The device of claim 25 wherein the substrate com- 
prises a lll-V semiconductor. 

27. Aphotomultipliertube (200), comprising; 

45 

an envelope (302); 

a photocathode (304) positioned at a forward 
end of the envelope (302), said photocathode 
(304) being responsive to photons incident 
thereto to produce photoelectrons; 
a microchannel plate positioned at a rear inte- 
rior end of the envelope to receive the photo- 
lectrons and to generat secondary lectrons; 
and 

^5 a planar diode aligned with the microchannel 

plate to receive and collect the secondary I c- 
trons therefrom. 
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28. The photomultiplier tube of claim 27 wherein the 
planar diode is configured to annplify the received 
secondary electrons. 

29. The photonnultiplier tube of claim 28 wherein the 
planar diode is configured to amplify the received 
secondary electrons by electron-hole pair genera- 
tion in response to electron bombardment. 

30. The photomultiplier tube of claim 28 wherein the 
planar diode is configured to amplify the received 
secondary electrons by avalanche carrier genera- 
tion. 

31. The photomultiplier tube of claim 28 wherein the di- 
ode comprises a p-type semiconductor substrate 
having means for producing a depletion region 
therein for collecting the secondary electrons. 

32. The photomultiplier tube of any claims 27 to 31 
wherein the microchannel plate and the planar di- 
ode are fonrted as a monolithic semiconductor 
structure. 

33. The photomultiplier tube of any of claims 27 to 31 
wherein the planar diode comprises a plurality of in- 
dividual planar diodes for imaging the electrons 
from the microchannel plate. 

34. The photomultiplier tube of claim 33 wherein the 
plurality of individual planar diodes are fomied in a 
common substrate. 

35. The photomultiplier tube of claim 33 or 34 wherein 
the microchannel plate is fonned monolithically with 
the plurality of individual planar diodes. 

36. The photomultiplier tube of any of claims 27 to 31 
or 33 to 35 comprising a fixture for holding the mi- 
crochannel plate and the diode in alignment. 

37. The photomultiplier tube of any of claims 27 to 31 
or 33 to 36 comprising a dynode positioned be- 
tween the photocathode and the microchannel 
plate for amplifying the photoelectrons. 

38. A device for amplification and collection of an elec- 
tron flux, comprising: 

a substrate of semiconductor material having a 

plurality of channels extending therethrough to 

fomn a microchannel plate; 

a secondary electron emission layer formed on 

the int riors of said channels; and 

a planar diod aligned with th microchannel 

plate for receiving electrons th refrom. 

39. The device of claim 38 wherein the microchannel 



plate and the planar diode are mechanically bonded 
together. 

40. The device of claim 39 wherein the microchannel 
5 plate and the planar diod are held in a spaced- 
apart relationship to allow application of an accel- 
erating bias therebetween. 
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